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(57) ABSTRACT

Methods for designing a 6T SRAM cell having greater
stability and/or a smaller cell size are provided. A 6T SRAM
cell has a pair access transistors (NFETs), a pair of pull-up
transistors (PFETs), and a pair of pull-down transistors
(NFETs), wherein the access transistors have a higher
threshold voltage than the pull-down transistors, which
enables the SRAM cell to effectively maintain a logic “0”
during access of the cell thereby increasing the stability of
the cell, especially for cells during “half select.” Further, a
channel width of a pull-down transistor can be reduced
thereby decreasing the size of a high performance six
transistor SRAM cell without effecting cell the stability
during access. And, by decreasing the cell size, the overall
design layout of a chip may also be decreased.
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METHOD TO IMPROVE CACHE CAPACITY
OF SOI AND BULK

TECHNICAL FIELD OF THE INVENTION

The present 1nvention relates generally to digital logic
circuits and more particularly, to the design of high perfor-
mance static random access memories (SRAMs) built for
increased stability.

BACKGROUND

Various factors that are considered for L1 cache memory
include the size and performance of the type of memory used
for implementing an L1 cache. In general, when L1 cache 1s
embedded in a CPU (Central Processing Unit), its
performance, ¢.g. access speed, must be compatible with
CPU cycle time. Static random access memories (SRAMs)
are primarily used for L1 cache memory as opposed to
dynamic random access memories (DRAMSs). Indeed, with
respect to access speed, SRAM can provide access times of
less than 1 ns, while the state-of-the-art DRAMSs have access
fimes ranging from 4 ns to 10 ns.

On the other hand, SRAM cells are typically formed with
6 transistors (1.€., 6T Cell), whereas DRAM cells are formed
with one transistor and one capacitor. Therefore, memory
arrays comprising SRAM cells are much larger than
memory arrays comprising DRAM cells. Thus, the maxi-
mum capacity of the on-chip cache using SRAM 1is limited
to less than 1M. Therefore, there 1s a need to i1ncrease the
cache capacity to extend processor performance In areas
such as networking, multimedia and communication.

SRAM design considerations are primarily determined by
a particular application. For instance, high performance
designs, such as for cache where read and write operations
are performed within a short clock cycle, have cell beta
ratios (which is defined as the ratio of channel resistance of
the pass-gate device, also called transfer device, to that of
driver device, also called pull-down device) that are typi-
cally around 2.2 to 3.5 to avoid cell disturbances, such as
“half-selected cell disturbance,” which 1s well know 1n the
art.

“Half selected cell disturbance” occurs when a word line
connected to a memory cell of unselected columns with bit
lines biased at a predetermined Vdd 1s activated. This causes
the body voltage of a transfer device of a non-selected cell
for a read or write operation along the activated wordline to
rise and to be more conductive than a pull-down device,
thereby causing a ground state node (“0” node) to switch
logic states and disrupt the memory cell.

Typically, in a conventional methodology, a beta ratio 1s
maintained by designing a W/L (width/Length) of the pull-
down device over that of the pass-gate device to prevent the
disturbance discussed above from effecting cell stability. For
example, cells having a high beta ratio (3.5 or greater), will
preserve data integrity via a resistive divider. Further, for
slower designs, when a cell beta ratio ranges from 1.2 to 1.8,
cell disturbances are not a problem because the operation

speed of the cell 1s decreased by the slower devices having
a higher Vt.

Depending on the cell structure, these devices can be
either a NMOS or a PMOS transistor. For instance, 1n a
6-transistors SRAM with NMOS pass-gates and pull-down
devices, the channel width of the pull-down device is
increased to provide an increase 1n conductivity of the
pull-down device thereby increasing the overall stability of

the SRAM cell.
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FIG. 1 1s diagram 1llustrating a conventional structure of
a 6T SRAM cell that comprises six MOS (or FET) transis-

tors. Referring to FIG. 1, an SRAM cell 10 1s shown. The
SRAM cell (10) is shown to include four N-channel tran-
sistors (21A, 21B, 21C, and 21D). The SRAM cell (10) also
includes two P-channel transistors (22A) and (22B). The

source of transistor (21A) is connected to a first bit line (23),
a gate of transistor (21A) is connected to a word line (26),
and the drain of transistor (21A) is connected to a first node
(27), wherein the first node (27) is connected to the source
of transistor (21B) and the drain of transistor (22A). The
source of transistor (21C) is connected to a second bit line
(24), a gate of transistor (21C) 1s connected to the word line
(26), and the drain of transistor (21C) 1s connected to a
second node (28), wherein the second node (28) is connected
to the source of transistor (21D) and the drain of transistor
(22B). In addition, the source of transistors (22A) and (22B)
are connected to a voltage source (25), and the drain of
transistors (21B) and (21D) are connected to a ground (29).
Further, the first node (27) is connected to the gate of
transistors (21D) and (22B), and the second node (28) is
connected to the gate of transistors (21B) and (22A), and
wherein one of the storage nodes 1s pulled low and the other
storage node 1s pulled high. As noted above, although 6T
SRAM cells can provide high speed operation and can
operate with low power supply voltage, 6T SRAM cells
occupy a large area, thus limiting the memory cell density.

The following table shows the tabulated beta ratio vs. cell
size 1n the 0.13 um generation designs:

TABLE 1
Beta Ratio Cell Size Comments
1 0.96 Not useful with conventional approach
1.5 1 (Normalized) Standard Cell in bulk CMOS
2.25 1.07 Standard SOI cells
3 1.13 High end designs
3.75 1.2 Safe designs

Although, 1n fast switching environments, a SRAM array
having a high beta ratio (e.g., 3.75 listed above in table 1)
provides for better noise margins, the SRAM array having
the high beta ratio requires a larger budget area that not only
means higher cost, but also means a decrease 1n cell
performance, such as slower write operation, and a limit on
the memory cell density.

Further, a SRAM cell 1s built on a SOI (silicon on
insulation) substrate having a beta ration of 1.50 fails to
function properly. This 1s because SRAM cells built on a
SOI substrate are sensitive to extra disturbances due to
floating body etfects. Even when a SRAM built on a SOI
substrate 1s designed having a beta ratio, e.g., about 2.25, the
SOI SRAM stability 1s still marginal. It has been determined
that the floating body effects effectively reduce the beta ratio
defined by the device dimension.

In other words, since bit-lines are constantly biased at
Vdd, the body voltage of the transter device tends to rise and
to be more conductive than the pull-down device, which
may cause the ground state node (“0” node) to switch logic
states, €.g., switch from a logic state of “0” to a logic state
“1.” Currently, the solution 1s simply to increase the width
of the channel of the pull-down device to lower its threshold
voltage (Vt). However, this increases the SRAM cell size
which then increases the overall design area budget of a
chip.

In FIG. 2, a conventional cell having a beta ratio of two,
which ensures minimal cell stability from SRAM 1in the bulk




US 6,934,182 B2

3

substrate 1s shown. A SRAM on a SOI substrate having a
higher beta ratio may be desirable because of an increase 1n
stability, but there 1s also an increase 1n the size of the
SRAM array that increase the area budget of the overall chip
layout.

Now referring to FIG. 2, FIG. 2 shows a conventional 6T
SRAM layout with passgates having a Voltage threshold of
0.3V, a beta of 2, cell size of 2.65 um?, and Ldesign of 0.12
um. In addition, RX is the active silicon, PC 1s polysilicon,
and NW 1s the nwell for the PFETS, P1 and P2. P1 and P2
arc pull-up devices. N1 and N2 are pull-down devices,
NFETs, having a W/L of about 0.36 um and about 0.12 um,
respectively. Further, NL and NR are the left and right
passgate devices, NFETs, having a W/L of about 0.18 um
and about 0.12 um, respectively.

Therefore, a need exists to 1increase the cache capacity on
a chip to extend processor performance 1n areas such as
networking, multimedia and communication, while keeping
within the designated areca budget of the overall chip design
and 1ncreasing the SRAMSs stability.

SUMMARY OF THE INVENTION

Exemplary embodiments of mvention include methods
for designing high performance static random access memo-
ries (SRAMs) built for increased stability, and for designing
high performance static random access memories (SRAMs)
by decreasing a SRAM cell size and maintaining cell
stability to decrease the overall design layout of a chip.

In general, the exemplary embodiments of invention
provide a SRAM cell design including a passgate device
having a higher voltage threshold than a pull-down device.
The threshold voltage of the passgate device 1s increased by
ion 1implant with a critical mask. This facilitates forming a
passgate device having a decreased layout area and thus
reduces the overall size of a SRAM layout. The benefits of
this design and method are minimizing access disturbances
during read/write operations and decreasing a SRAM cell
size. The design and method also provides a 6T SRAM cell
of the same size as conventional 6T SRAM cell while
increasing overall cell stability.

According to an exemplary embodiment of the present
invention, a static random access memory cell 1s provided
comprising a first and second pass-gate transistor, a first and
second storage node, wherein the first passgate transistor 1s
connected between a first bit line and a first storage node,
wherein a gate terminal of the first passgate transistor
connects to a word line, and the second passgate transistor
1s connected between a second bit line and the second
storage node, wherein a gate terminal of the second passgate
transistor connects to the word line.

The cell also comprises a first pull-up device, connected
between a source voltage and the first storage node, a second
pull-up device, connected between the source voltage and
the second storage node, a first pull-down transistor, con-
nected between the first storage node and a ground, wherein
a gate terminal of the first pull-down transistor 1s connected
to the second storage node, and a second pull-down
transistor, connected between the second storage node and
the ground, wherein a gate terminal of the second pull-down
transistor 1s connected to the first storage node, wherein the
first and second passgate transistors have first threshold
voltages that are substantially the same, and wherein the first
and second pull-down transistors have second threshold
voltages that are substantially the same, and wherein the first
threshold voltages are greater than the second threshold
voltages.
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Preferably, the first and second threshold voltages are
about 0.7 V and about 0.3 V, respectively.

The memory cell may further comprise the first and
second passgate transistor having first channel widths that
arec substantially the same, and the first and second pull-
down ftransistor having second channel widths that are
substantially the same, and wherein the second channel
widths are greater than the first channel widths. Preferably,
the memory cell has a cell beta ratio of about 3.0.

The memory cell may further include the first pull-up
device 1s a first pull-up transistor and the second pull-up
device 1s a second pull-up transistor, wherein the first pull-up
transistor 1s connected between a source voltage and the first
storage node, and wherein a gate terminal of the first pull-up
transistor connects to the second storage node, and wherein
the second pull-up ftransistor 1s connected between the
source voltage and the second storage node, and wherein a
gate terminal of the second pull-up transistor 1s connected to
the first storage node.

According to another exemplary embodiment of the
present 1nvention. The memory cell discussed above may
have first and second passgate transistors having first chan-
nel widths that are substantially the same, and first and
second pull-down transistors having second channel widths
that are substantially the same, and wherein the second
channel widths and the first channel widths are substantially
the same with a cell beta ration 1s about 1. Preferably, the
first and second threshold voltages are about 0.7 V and about

0.3 V, respectively. In addition, the memory cell size 1s about
2.40 um®.

According to yet another exemplary embodiment of the
present 1nvention, a 6-tfransistor static random access
memory cell 1s provided comprising a first and second bat
line terminal, a first and second storage node, a wordline, a
first NFET access transistor connected between the first bit
line terminal and the first storage node, wherein a gate
terminal of the first access transistor 1s connected to a
wordline.

The 6T SRAM above also comprises a second NFET
access transistor connected between the second bit line
terminal and the second storage node, wherein a gate ter-
minal of the second access transistor 1s connected to a
wordline, a first PFET pull-up transistor connected between
a voltage source and the first storage node, wherein a gate
terminal of the first pull-up transistor 1s connected to the
second storage node, a second PFET pull-up transistor
connected between a voltage source and the second storage
node, wherein a gate terminal of the second pull-up transis-
tor 1s connected to the first storage node, a first NFET
pull-down transistor connected between the first storage
node and a ground, wherein a gate terminal of the first
pull-down transistor 1s connected to the second storage
node, and a second NFET pull-down transistor connected
between the second storage node and a ground, wherein a
gate terminal of the second pull-down transistor 1s connected
to the first storage node.

Further, the first and second access transistor may have
first threshold voltages that are substantially the same, and
the first and second NFET pull-down transistors may have
second threshold voltages that are substantially the same,
wherein the second threshold voltages are greater than the
first threshold voltages.

According to still another exemplary embodiment of the
present invention, a memory system 1s provided comprising
a memory array comprising an array ol memory cells
formed on a semiconductor substrate arranged 1n rows and
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columns, wherein a row of memory cells 1s commonly
connected to a wordline and wherein a column of memory
cells 1s commonly connected to a bit line parr.

In addition, the memory system has a controller for
ogenerating address and command signals, and decoding
circuity for decoding the address and command signals to
access memory cells in the memory array, wherein each
memory cell in the memory array comprises a 6-transistor
static random access memory (SRAM) cell, wherein the
6-transistor SRAM may comprise any of the features in the
embodiments discussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s diagram 1illustrating a conventional structure of
a 6T SRAM cell.

FIG. 2 depicts a conventional SRAM layout.

FIG. 3 depicts a SRAM layout, according to an embodi-
ment of the present mnvention.

FIG. 4 1s a schematic of a 6T SRAM cell, according to an
embodiment of the present invention.

FIG. 5 1s a graph 1illustrating a “N-curve” to provide
SRAM cell noise margin information for “half-selected”
cells, according to an embodiment of the present invention.

FIG. 6 1s a graph 1llustrating a “N-curve” to provide cell
noise margin information during standby, according to an
embodiment of the present invention.

FIG. 7 1s a conventional buttertly plot showing the
improvements of the voltage margins with the dual Vit
layout, according to the embodiments of the present 1nven-
tion.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the invention are shown.
This invention may, however, be embodied 1n different
forms and should not be constructed as Iimited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the spirit and scope of the
invention to those skilled in the art.

The exemplary embodiments of invention provide a
SRAM cell design including a passgate device having a
higher voltage threshold than a pull-down device. A thresh-
old voltage of the passgate device 1s increased by 1on
implant with a critical mask. This facilitates forming a
passgate device having a decreased layout area and thus
reducing the overall size of a SRAM layout. The benefits of
this design and method are minimizing access disturbances
during read/write operations and decreasing a SRAM cell
size. By employing this method, a layout of a SRAM cell
can be reduce by about 15% or greater than the existing
conventional approach.

FIG. 3 shows a 6T SRAM layout designed 1n accordance
with an embodiment of the present. Referring to FIG. 3, FIG.
3 shows a 6T SRAM layout with a high Vt implant 1n a
passgate device, a beta ratio of 1, cell size of 2.40 um~, and
Ldesign of 0.12 um. In addition, RX 1s the active silicon, PC
1s polysilicon, and NW 1s the nwell for the PFETs, P1 and
P2. P1 and P2 are pull-up devices. N1 and N2 are pull-down
devices, NFETs, having a W/L of about 0.18 um and about
0.12 um, respectively. Further, NL and NR are the left and
right passgate devices, NFETs, having a W/L of about 0.18
um and about 0.12 um, respectively. The passgate devices
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6

(NL and NR) have greater voltage thresholds (Vt) than the
pull-down devices (N1 and N2). Preferably, the Vt for the
passgate devices (NL and NR) is about 0.6 V, and the Vt for
the pull-down devices (N1 and N2) is about 0.3 V.

Although the embodiment discussed above discloses that
the pull-down devices (or load devices) are PFETs, it is to be

understood that embodiments of the invention are also
applicable to other types of SRAM cells such as SRAMs

with a resistive load or SRAMs with TFT (thin film
transistor) load. More specifically the load devices may be
PN-junction diodes, diode-connected field effect transistors
(FETs), resistors, normal PMOS devices, or any like
devices.

Comparing the conventional 6T SRAM layout depicted 1n
FIG. 2 to the layout 1n FIG. 3 according to an embodiment
of the current invention, the 6T SRAM cell of FIG. 3 has a
design beta ratio of one with a much higher electrical beta
ratio. Design beta ratio 1s the ratio of the layout W/L of the
pull-down device to the layout W/L of the passgate device,
and the electrical beta ratio 1s the ratio of the channel
resistance of the passgate device to the channel resistance of
the pull-down device. In addition, the channel widths of the
pull-down devices are reduce by half. In other words, the
width of the pull-down devices shown 1 FIG. 3 1s about
0.18 um, and the size of the SRAM cell is about 2.40 um®~.
This-equates to a 9.5% area savings 1n the cell depicted 1n
FIG. 3 as compared to the conventional cell depicted in FIG.

2

FIG. 4 1s a schematic of a 6T SRAM cell, according to
another exemplary embodiment of the present 1nvention.
Referring to FIG. 4, a SRAM cell (40) 1s shown having four
N-channel transistors (42A, 42B, 42C, and 42D). N-channel
transistors (42A and 42B) are first and second passgate
devices, respectively, and N-channel transistors (42C and
42D) are first and second pull-down devices, respectively.
The 6T SRAM cell also includes two P-channel transistors
(44A and 44B), which are first and second pull-up devices,
respectively. The Vt of the first and second passgate devices
(42A and 42B) are the same. The Vt of the first and second
pull-down devices (42C and 42D) are the same. Further, the
V1t of the first and second passgate devices (42A and 42B) is
oreater than the Vt of the first and second pull-down devices
(42C and 42D). Preferably, the Vt of the passgate devices
(42A and 42B) i1s about 0.7 V, and the Vt of the pull-down
devices (42C and 42D) 1s about 0.3 V.

In addition, bit lines (46 and 48) are connected to the first
and second passgates (42A and 42B), respectively. The first
and second passgates (42A and 42B) are connected to a first
storage node (41) and a second storage (43), respectively.
Each of the first and second passgates also have a gate
connected to a wordline (not shown). The first pull-up
device (44A) is connected to a voltage source (Vdd) and the
first storage node (41). The second pull-up device (44B) is
connected to the voltage source (Vdd) and second storage
node (43). In addition, the first and second pull-ups have a
gate, wherein the gate of the first pull-up (44A) is connected
to the second storage node (43) and the gate of the second
pull-up (44B) is connected to the first storage node (41). The
first and second pull-down devices (42C and 42D) are
connected to a common ground, and the first and second
pull-down devices (42C and 42D) have a gate. The first
pull-down (42C) is also connected to the first storage (41),
and the gate of the first pull-down (42C) is connected the
second storage node (43). The second pull-down (42D) is
also connected the second storage node (43), the gate of the
second pull-down (42D) 1s connected the first storage node

(41).
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Further, cell stability can be determined by the ratio of the
conductivity of the pull-down device verses the conductivity
of the passgate device. By reducing the passgate
conductivity, by increasing the Vit (voltage threshold) of the
passgate by 1on implant with a critical mask step, the
capacity of a SRAM cell 1s increased more efficiently than
by the conventional method of increasing the W/L of the
pull-down device. In addition, a high-precision mask align-
ment can be carried out using any conventional deep-UV
exposure tool.

The embodiments discussed above maintain the data state
of a node (e.g., a logic “0” at a zero node) and cell stability
by increasing the Vt of a passgate device such that the Vt of
the passgate device 1s greater than the Vt of a pull-down
device within a 6T SRAM cell. In other words, the leakage
current flowing from an outside source, €.g., a bit line biased
a Vdd, to a zero node 1s less than the current being drawn
from the zero node through the pull-down device, e.g., a
NFET transistor connected to a ground.

Since actual cell stability 1s dictated by the ratio of
conductivity of a pull-down device verses the conductivity
of a passgate device, the design layout of a conventional
SRAM cell can be reduced without effecting the stability of

a SRAM cell by increasing the Vt (threshold Voltage), by
implantation, of a passgate device and reducing the channel

width of a pull-down device, as shown 1n the comparison of
FIGS. 2 and 3.

FIGS. 5-7 are created from circuit simulations of a design

with the above embodiments using a circuit analysis tool
such as HSPICE.

Cell stability can be characterized with a “N-curve.” An

N-curve 1s an I-V plot of a node current when that node 1s
forced from below GND to above VDD. This N-curve
provides the noise margin information of an SRAM cell.

FIG. 5 1s a graph illustrating a “N-curve” that provides
SRAM noise margin information for a “half-select” cells,
according to an embodiment of the present invention. Now
referring to FIG. §, in this example, the wordline (WL) 1s set
at VDD=1.2V, and the unselected BLs (Bit Lines) are also
set at the standby bias of VDD=1.2V. When the cell node 1s
forced from GND to VDD, the current of the voltage source
will cross the zero current axis 3 times if the cell remains
stable. The dotted lines represent SRAM cells having dif-
ferent beta ratios. The solid lines represent SRAM cells
having varying implants. The voltage noise margin Vom0 1s
defined by the voltage difference of the left intercept 10 and
the middle intercept 12. The voltage noise margin Vnml 1s
defined by the voltage difference between the middle inter-
cept 12 and the right intercept (not shown). The current noise
margin Inm0 1s the peak current between the first intercept
10 and the middle intercept 12. The current noise margin
Inm1 1s the-peak current between the middle intercept 12
and the right intercept (not shown). For a cell of beta 2.25,
Inm0 1s about 100 #A. This illustrates that the pull-down
NFET 1s strong enough to absorb some of the noise current
leakage of 100 u#A ito the low node during the circuit
operations 1n the “half-select” mode.

In other words, the maximum current peak as shown in
the InmO portion of FIG. 1 1s the maximum current a ground
node can absorb when the cell 1s disturbed. Further, 1f the
leakage current exceeds the maximum current, the ground
will drift upward and change a logic state of a storage node
from “0” to “1,” thereby changing the overall state of the
memory cell.

Since the pull up PFETs remain the same size, the Inm1
1s relatively insensitive to the beta ratio. In a bulk CMOS
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SRAM, the standard cell of beta 1.5 can tolerate an inward
leakage 1n the voltage noise margin Inm0 of 60 uA.

Since the passgate conductivity 1s more sensitive to Vit
than the W/L, noise margins are equally sensitive to the Vit
of the passgate. It can be seen from FIG. 5, a cell having a
beta of 1.0 with passgate Vt saturation (threshold voltage at
saturation) of 0.5 V is as stable as a cell having a beta of 1.5
with a passgate Vt saturation of 0.3 V. The Inm0 1s mainly
dependent on the W/L of the pull-down device, but it 1s also
proportional to the beta ratio. A channel implant 1s provided
to mainly cut down on the current leakage from the bait
line(s) to the cell. The benefits of this are reflected by the
more balanced margins 1n the N-curve, as shown 1n FIG. 6.
Further, the weakest margin i1s the Inm1 region of FIG. 6
cannot be helped by a higher beta ratio or higher Vt implant
of a passgate device because the pull-up transistors, PFETs,
are always the same minimum size and the cell tolerance for
outward current leakage Inm1 1s about the same for all beta
ratios.

Further, a more precise measurement of cell stability
would be to determine the power noise margin (Pnm1), for
the mtegral of I over V, from the middle intercept to the right
intercept. In other words, Pnml represents cell stability
against a disturbance from “1” state to the “0” state. Thus,
a cell having a large Pnml 1s stable even though the Inml
(or Vom1) of the cell may not be large.

It has been determined that a cell having passgates with a
Vit of 0.7 V and a beta of 1 1s more stable than a cell having
a beta of 3 with passgates having a Vt of 0.3 v. In addition,
a cell having passgates with a Vit of 0.6V and a beta 1 1s more

stable than the cell at beta 2.25 with passgates having a Vit
of 0.3 v.

Further, by increasing the passgate threshold voltage
implant and maintaining a high cell beta ratio (e.g., 3.0 or
greater), the cell stability is improved during array access,
especially for the cells 1n a “half-select mode.”

FIG. 6 1s a graph 1llustrating a “N-curve” to provide cell
noise margin information for SRAM cells during standby.
During standby, the cell noise margins are greater because
there 1s no base access current leakage from the bit lines to
the cell. With the passgate off, passgate threshold voltage
implants have no effect on stability. Now referring to FIG.
6, Inm0 1s defined by the voltage difference of a first
intercept 20 and a second intercept 22. While the Inmf)
ranges from 69 to 184 uA, Inml i1s about 22 uA. This
weakness of 22 uA cannot be helped by beta ratios nor
channel implants. Since the pull up PFETs are always the
same minimum size, the cell tolerance for outward current
leakage Inm1 1s about the same for all beta ratios.

FIG. 7 1s a conventional butterfly plot showing the
improvements of the voltage margins with the dual Vit
layout, according to an embodiment of the present invention.
Referring to FIG. 7, FIG. 7 shows the butterfly plots of a
standard SRAM cell of the 90 nm node CMOS technology,
with different combinations of Vt implants on the six tran-
sistors. For 1nstance, “rpd” signifies regular Vt of a pull-
down device, while “apd” signifies alternative Vt of the
pull-down device. The alternate Vt 1s about 10% lower than
the regular Vt. Similarly, “rpg” and “apg” signily a regular
V1t of a passgate device and alternative Vt passgate of the
passgate device, respectively. In addition, “rpu” and “apu”
signity a regular Vt of a pull-up device and alternative Vt of
the pull-up device, respectively.

The most stable SRAM cell 1s the cell having the largest
Static Noise Margin (SNM). SNM is determined by mea-

suring the diagonal of the largest square that can {it inside a
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butterfly wing. As shown in FIG. 7, SRAM cell (1), which
corresponds to apd, rpg, and apu, 1s the least the stable
because 1t has the smallest SNM, or the shortest diagonal
line within 1its corresponding square. The combination of
apd, apg, and rpu, which 1s not shown 1n FIG. 7, would
create a cell having an even smaller SNM than cell (1). The
most stable cell shown in FIG. 7 1s cell (§), which corre-
sponds to apd, rpg, and apu, because 1t has the largest SNM,

or the longest diagonal line within 1ts corresponding-square.

It 1s to be understood that 6T SRAM cells according to
embodiments of the invention as described herein, can be
implemented 1n any memory system architecture. For
instance, a memory system 1n which the mvention may be
implemented comprises a memory array having an array of
6T SRAM memory cells formed on a semiconductor sub-
strate and arranged in rows and columns, wherein a row of
memory cells 1s commonly connected to a wordline and
wherein a column of memory cells 1s commonly connected
to a bit line pair. The memory system further comprises a
controller (e.g., CPU, memory controller, etc.) for generat-
ing address and command signals for performing memory
access operations. Further, the memory system includes
decoding circuity (e.g., wordline address and column
address decoders, etc.) for decoding the address and com-
mand signals received from the controller as well as circuity
(c.g., sense amplifiers, wordline drivers, etc.) for accessing
data of the memory cells 1n the memory array.

While the present invention has been particularly shown
and described with reference to preferred embodiments
thereof, 1t will be understood by those of ordinary skill 1n the
art that various changes 1n form and detail may be made
theremn without departing from the spirit and scope of the
present invention as defined by the following claims.

What 1s claimed 1s:

1. A static random access memory device, comprising:

a memory comprising an array of memory cells, each
memory cell comprising;

a first and second passgate transistor;

a first and second storage node, wherein the first
passgate transistor 1s connected between a first bit
line and a first storage node, wherein a gate terminal
of the first passgate transistor connects to a word
line, and the second passgate transistor 1s connected
between a second bit line and the second storage
node, wherein a gate terminal of the second passgate
transistor connects to the word line;

a first pull-up transistor, connected between a source
voltage and the first storage node, wherein a gate
terminal of the first pull-up transistor 1s connected to
the second storage node;

a second pull-up transistor, connected between the
source voltage and the second storage node, wherein
a gate terminal of the first pull-up transistor 1s
connected to the first storage node;

a first pull-down transistor, connected between the first
storage node and a ground, wherein a gate terminal
of the first pull-down transistor 1s connected to the
second storage node; and

a second pull-down transistor, connected between the
second storage node and the ground, wherein a gate
terminal of the second pull-down transistor 1s con-
nected to the first storage node;

wherein the first and second passgate transistors and the
first and second pull-down transistors have first
threshold voltages that are substantially the same,
and wherein the first and second pull-up transistors
have second threshold voltages that are substantially
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the same, and wherein the first threshold voltages are
oreater than the second threshold voltages.

2. The memory device of claam 1, wherein the first

threshold voltages are a first voltage that 1s 1n a range of

about 0.7 V to about 0.3 V and wherein the second threshold

voltages are a second voltage that 1s about 10% lower than
the first voltage.

3. The memory device of claim 1, wherein the first and
second access transistors are NFE'Ts, the first and second
passgate transistors are NFE'Ts, and wherein the first and
second pull-up transistors are PFETs.

4. The memory device of claim 1, wherein each memory
cell has a cell beta ratio of about 2.0 or greater.

5. A static random access memory device, comprising:

a memory comprising an array of memory cells, each

memory cell comprising;:

a first and second passgate transistor;

a first and second storage node, wherein the first
passgate transistor 1s connected between a first bit
line and a first storage node, wherein a gate terminal
of the first passgate transistor connects to a word
line, and the second passgate transistor 1s connected
between a second bit line and the second storage
node, wherein a gate terminal of the second passgate
transistor connects to the word line;

a first pull-up transistor, connected between a source
voltage and the first storage node, wherein a gate
terminal of the first pull-up transistor 1s connected to
the second storage node;

a second pull-up transistor, connected between the
source voltage and the second storage node, wherein
a gate terminal of the second pull-up transistor is
connected to the first storage node;

a first pull-down transistor, connected between the first
storage node and a ground, wherein a gate terminal
of the first pull-down transistor 1s connected to the
second storage node; and

a second pull-down transistor, connected between the
second storage node and the ground, wherein a gate
terminal of the second pull-down transistor is con-
nected to the first storage node;

wherein the first and second pull-down transistors, the
first and second pull-up transistors and the first and
second passgate transistors all have first threshold
voltages that are substantially the same, wherein the
first threshold voltage 1s a voltage 1n a range of about
0.3 V to about 0.7 V.

6. The memory device of claim 5§, wherein the first and
second access transistors are NFETs, the first and second
passgate transistors are NFE'Ts, and wherein the first and
second pull-up transistors are PFETs.

7. The memory device of claim 5, wherein each memory
cell has a cell beta ratio of about 2.0 or greater.

8. A static random access memory device, comprising:

a memory comprising an array of memory cells, each
memory cell comprising;:

a first and second passgate transistor;

a first and second storage node, wherein the first
passgate transistor 1s connected between a first bit
line and a first storage node, wherein a gate terminal
of the first passgate transistor connects to a word
line, and the second passgate transistor 1s connected
between a second bit line and the second storage
node, wherein a gate terminal of the second passgate
transistor connects to the word line;

a first pull-up transistor, connected between a source
voltage and the first storage node, wherein a gate
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terminal of the first pull-up transistor 1s connected to
the second storage node;

a second pull-up transistor, connected between the
source voltage and the second storage node, wherein
a gate terminal of the second pull-up transistor 1s
connected to the first storage node;

a first pull-down transistor, connected between the first
storage node and a ground, wherein a gate terminal
of the first pull-down transistor is connected to the
second storage node; and

a second pull-down transistor, connected between the
second storage node and the ground, wherein a gate
terminal of the second pull-down transistor 1s con-
nected to the first storage node;

wherein the first and second passgate transistors have
first threshold voltages that are substantially the
same, and wherein the first and second pull-up
transistors and the first and second pull-down tran-
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nave second threshold voltages that are sub-

stantial

'y the same, and wherein the first threshold

voltages are greater than the second threshold volt-

ages.

9. The memory device of claim 8, wherein the first
threshold voltages are a first voltage that 1s 1n a range of
about 0.7 V to about 0.3 V and wherein the second threshold
voltages are a second voltage that 1s about 10% lower than
the first voltage.

10. The memory device of claim 8, wherein the first and

second access

transistors are NFETs, the first and second

passgate transistors are NFE'Ts, and wherein the first and

second pull-up

transistors are PFETs.

11. The memory device of claim 8, wherein each memory
cell has a cell beta ratio of about 2.0 or greater.
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